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ABSTRACT

The TMI-2 accident provides the only full scale integrated

facility data for \ severe nuclear power reactor data which can

at this time be used in bench marking the severe accident

computer codes. The TMI-2 Standard Problem Package , including

its enclosures, provides the data required to perform the

bench.T,arkinu calculations. The package is composed of 5

independent but interrelated documents: (1) the plant

configuration data base, (2) the sequence of events data base,

(3) the initial and boundary conditions data base, (4) the

accident scenario and (5) the demonstration calculation.





The TMI-2 accident on March 28, 1979 provides the only full scale

integrated facility data upon which to judge the capabilities of the severe

acci >•" computer codes such as RELAP/SCDAP. The TMI-2 accident started with

a loss o* main feedwater to both once-through steam generators (OTSG). This

loss o* r?M sim came about when the main feedwater pumps (MFP) lost suction

caused b> a loss o* both condensate pumps. The main turbine tripped and the

ajMlia-'> feedwater pumps (AFWP) started in accordance with plant design.

however, the AFW system block valves (EF-V12A and EF-V12B) were in the closed

position. Due to the loss of the heat sink, primary system pressure

lnceasecl rapidly and the pressurizer Electromatic Relief valve (also known

as t^e c i 1 o t operated relief valve or PORV) opened. The reactor tripped on

nigh primary system pressure in accordance with plant design and primary

pressure c..steT dropped. When primary pressure dropped the PORV s'-cld have

closec, out remained open. The accident was about 10 seconds old at this

point, niithojt At-'W the OTSG's boiled dry in about 1.5 minutes. At 8 nrnutes

tne AFW bl • valves were opened and measurable levels were reestablished in

tne O'SG's o> 25 minutes. By the time that AFW injection was started both

o-ima'-y hot legs had reached saturation temperature. This situation

continued ..--til acout "4 minutes when the B loop reactor coolant pumps (RCP)
wee s*u,t dow^ to preclude operation below their net positive suction head.

-t asout IOC minutes the A loop RCP's were shut down for the same reason.

:, t^.e -ime all *our RCP's were shut down the primary system had lost a

s'^^i'icant orrtion of its coolant inventory. Shortly after the final pump

t'-ip octi not leg temperatures increased above saturation temperature. Thus

Superheated steam was now being produced in the reactor. At about 139

-i^utes the PORV bloo valve was closed and the loss of coolant through this

:atr te'--imated. At 174 minutes the 2B reactor coolant pump was started and

trer stooped at 193 minutes due to low motor current. At 200 minutes makeup

cj^ps 1A and II were both in operation for a short period of time. At about

J"_ and 267 mi^tes mate up pumps IB and 1C were placed into continuous

operation. It is generally believed that the reactor was refilled by 300

~;'-utes ard tne accident was in the recovery phase. This brief sequence of

t-e accident e.ents indicates the severity of the accident in that the core

was ^cove tne normal subcooled conditions for almost 5 hours and above

saturation ::rditions for about 3 hours.

It is not possible to create from the TMI-2 accident a standard problem
i r, fe classic sense. The events on March 28, 1979 were not planned to

provide a bench mar« data set and the plant instrumentation was intended for

normal operations not experiments, and many critical parameters were not

recorded. This coupled with the delicate thermal hydraulics of the accident

^a*e simulation o* tne TMI-2 accident a challenge to the severe accident

:cniputer codes .

T*e purpose o* tnis document and it enclosures is to provide sufficient

data upon ,,-ich computer calculations for the first 300 minutes of the

accident can se accomplished. The required information is provided in the

•orm of paper documentation, micro computer diskettes and magnetic tape.

rre *.yp<?s of information required to perform a computer calculation of

tne ''■".-2 accident a--e (1) plan*, configuration data, (2) the sequence of

even's, 'ar mor» detailed than the above sequence, during the accident, (3)
tre initial operating conditions at tne time of the turbine trip, (4) the

tnermal hydraulic boundary conditions during the first 300 minutes of the

itc'der-., (5) an accident scenario which provides the best estimate of the
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events during the accident which are beyond the measurable data, and (6) a

demonstration calculation which shows that such a calculation is possible.

The plant configuration data includes the plant geometry and performance

parameters and is provided in section 2 of this document. The plant

configuration data is provided as a paper data base only. The types of data

provided are schematic diagrams of various piping systems, dimensions of

pipings systems and components, description of reactor vessel components,

data on the reactor core, and performance data for various components.

The sequence of events, initial conditions and boundary conditions data are

provided as micro computer data bases. The hardware requirements for these

data bases are an IBM PC/AT or XT (or compatible computer) with at least 640K

bytes of memory and a math coprocessor. These data bases have been developed

in SAGE1, a scientific, relational data base management system developed at

the INEL. The user guides for these data bases are provided in sections 3

and 4. Since not all boundary conditions are available as measured data,

missing data are provided on the basis of calculations. The calculated

boundary conditions are marked in the data base as estimates. The accident

scenario section 5, was not available at the time of publication and will be

provided in January, 1987. The remaining section of this document discusses

the demonstration calculation performed with the integrated RELAP/SCDAP

computer code.

The sequence of events data base (SOE) provides the timing at which

various events occurred during the accident (Many of which were operator

initiated). The SOE is based on the GPU sequence of events
,
and has been

corrected where the plant data taken during the accident indicates the GPU

sequence to be in error. Notations have been made in the data base to

identify these corrections.

The initial and boundary conditions (ICBC) data base provides the

required initial conditions for initiation of the calculation at turbine

trip, 100 minutes and 174 minutes into the accident and the boundary
conditions. While the initial conditions at turbine trip were readily
available, the conditions at 100 and 174 minutes require the use of some

estimated parameters. In particular the primary coolant system (PCS) mass

inventory is provided as a calculated value. The HPI/makeup and letdown

flows and auxiliary feedwater flow were not measured. These flows are

significant to primary and secondary system mass inventory. Calculated flows

have been provided as the best estimate or bounding set of values. The

process by which the quality of the data and the categories of data quality
were developed are discussed in the initial and boundary conditions user

guide.

The demonstration calculation was performed using the integrated
RELAP/SCDAP computer code. Auxiliary feed was calculated by the code based

on a steam generator level control system. That is the AFW flow rate was

calculated by the code so as to match a specified steam generator level. A

discussion of the calculation is provided as the last section of the

package. In general the calculation compares well to the data, is consistent

with our conceptions of the accident and demonstrates that an integrated
calculation of the accident is possible. The calculation indicated that

steam generator heat transfer was one of the most dominant influences on the

accident along with the mass inventory loss through the pressurizer relief

valve. Small changes in AFW flow rates appear to have a significant impact
on the primary system. This behavior is still being examined.
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CORE DATA

description value reference

Diameter, m.

length, m.

Material

Density, % of theoretical

:el Reds

Outside diameter, m.

Wall thickness, in.

Diametral gap, m.

Length, in.

*. WW • ■ , •*..*•

Material, cladding & end plugs

:el Assembles

Tress section m.

Tctal length, in.

Active length, in.

Fuel rods

Guide tubes

Instrument tubes

Grid spacers, equally spaced

0.370

0.70

(JO
2

92.5

0.430

0.0265

0.007

153.125

0.568

zirc 4

8.54 X 8.54

165.6

144

208

16

1

a

2

2

2

2

2

2

2

2

1

2

2
->
a.

T

0

Heated flew area, ft-.

Cere coolant ave . vel, ft/sec.

Heat transfer surface, ft^.
Ave. temp, rise in core, F.

Hot channel cutlet temp., F.

Core ccolant vol. (total), ft3.
Fuel centerlme temp, (max), F.

Fuel temperature (ave), F

49.2

16.52

49,734

53.6

649.5

722

4170

1200

2

2

1

i

Table 1.0



Volume Data

description value reference

Reactor Vessel

Lower plenum, ft3.
Core, ft3.
Downcomer, ft3.

Upper plenum, ft3.

Upper head, ft3.

Steam Generator

Lower plenum, ft3.

Upper plenum, ft3.

Secondary side, ft3.

Pressurizer (at 220 in. water level)

Water volume, ft3.
Steam volume, ft3.

Cold Leg, each, ft3.

Hot Leg, each, ft3.

Reactor Coolant Pumps, each, ft3

Surge Line, ft3.

Spray Line, ft3.

Core Flood Tank, each, ft3.

Make-up Tank, ft3.

Reactor Coolant Drain Tank, ft3

Containment

Free volume, ft3.

Sprayed volume, ft3.

292

722

1225

776

508

277

281

3412

800

700

237.5

469

98

20

2

1410

400

920

2.116 X IO6
1.629 X IO6

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

2

6

6

Table 2.0



CORE DATA

description value reference

Fuel Pellets

Diameter, in.

length, in.

Material

Density, % cf theoretical

Fuel Rods

Outside diameter, in.

Wall thickness, in.

Diametral gap, in.

Length, in.

Pitch, in.

Material, cladding & end plugs

0.370

0.70

U02
92.5

0.430

0.0265

0.007

153.125

0.568

zirc 4

2

1

2

2

Assemblies

Cross section, in.

Total length, in.

Active length, in.

Fuel rods

Guide tubes

Instrument tubes

Grid spacers, equally spaced

8.54 X 8.54 1

165.6 2

144 2

208 2

16 2

1 2

8 2

Core

:"t/se<

:t2.

Heated flow area, ft-.

Core coolant ave. vel, ft.

Heat transfer surface, ft

Ave. temp, rise in core, F.

Hot channel outlet temp., F.

Core coolant vol. (total), ft3.
Fuel centerline temp. (max), F.

Fuel temperature (ave), F

49.2

16.52

49,734

53.6

649.5

722

4170

1200

2

2

2

1

1
;

i_

2

Table 1.0



Volume Data

description value reference

Reactor Vessel

Lower plenum, ft3.

Core, ft3.

Downcomer, ft3.

Upper plenum, ft3.

Upper head, ft3.

Steam Generator

Lower plenum, ft3.

Upper plenum, ft3.

Secondary side, ft3.

Pressurizer (at 220 in. water level)

Water volume, ft3.
Steam volume, ft3.

Cold Leg, each, ft3.

Hot Leg, each, ft3.

Reactor Coolant Pumps, each, ft3

Surge Line, ft3.

Spray Line, ft3.

Core Flood Tank, each, ft3.

Make-up Tank, ft3.

Reactor Coolant Drain Tank, ft3

Containment

Free volume, ft3.

Sprayed volume, ft3.

292

722

1225

776

508

277

281

3412

800

700

237.5

469

98

20

2

1410

400

920

2.116 X IO6
1.629 X IO6

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

2

6

6

Table 2.0



FLOW DATA

closer ipt ion

Dotal Reactor Flow, Ib/hr.

Average Flow Path Lengths, ft

Hot Leg

Cold Leg

otoam Generator

Reactor Vessel

Reactor Coolant lump

Coolant Velocity, it/sec.

i Lee

Leo

o.o ^eg

value reference

137.8 E10
i

bb

53

70

70

18 2

48.2

63.8

16.52

i

i

120.4 -

74.4

48.5 -

92,40C 3

140 6

Reactor Coolant System Pressure Drop, psi.

Reactor Coolant Pump Flow, % design
3 pumps

1 pumps, 1 each loop

reactor Coolant F umps

4 pumps, gprru pump

:•! ?. :•: i -cm L. •_• t d ow r. F 1 ow
, g p rr, .

High Pressure Inioctic n

3 pumps, gpm. pump 300 6

Dow Pressure In oectior.

2 pumps, gpm pump 3000 4

Fmergency Steam Generator Feed

(Auxiliary Feedwater)

2 rotor pumps, gpm/pump 470 5

1 turbine pump, gpm/pump 940 5

reactor Building Spray
.. pumps, gpm/pump 1500 4

Tal le 3.0
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SAFETY AND RELIEF VALVE DATA

description value reference

Pressurizer Code Safety Valves

Pressure setpoint, psig.
Capacity, lb/hr., total

2450

690,000

3

3

Pressurizer PORV

Open, psig.

Close, psig.

Capacity, lb/hr.

2255

2205

112,000

Pressurizer Spray Valve

Open, psig.
Close, psig.

Secondary Steam Relief Valves/generator
4 ea. open, psig.
2 ea. open, psig.
2 ea. open, psig.
2 ea. open, psig.

Reactor Coolant Drain Tank

Relief valve setpoint, psig.
Relief valve capacity, gpm.

Burst disc burst pressure, psig.
Burst disc capacity, lb/sec steam

2205

2155

1050

1065

1075

1102

150

2270

195

472

5

5

5

5

3

3

3

3

NOTE: Secondary steam relief valve capacity, at 1050 psig. and
600 F is 6,340,936 lb/hr. or 120% of a reactor power level
of 2772 Mwt. plus the 16 Mwt. contribution of the reactor

coolant pumps.

Table 4.0



COMPONENT HEAT LOSS DATA

description value reference

Reactor vessel, otu/hr.

Control rod drives, btu/hr.

Steam generators, btu/hr.

Pressurizer, btu/hr.

Reactor coo.ant pumps, btu,hr.

Reactor coolant piping, btu/hr,

Mam steam piping, btu/hr."

Feedwater piping, btu/hr.*

356,200 4

500,000 4

418,000 4

332,000 4

390,000 4

435,000 4

450,000 4

208,000 4

inside containment

NOTE: Insulation is all metal reflective insulation fabricated

from austmetic stainless steel.

Table 5.0



VALVE LIST FOR TMI-2 STANDARD PROBLEM

Identitvnl Size Description Function/Remarks

REACTOR COOLING SYSTEM

Pressurizer PORV Line

[{Pressurizer steam dome}

} RC-V2 2.5 MO gate [2]
RC-R2 2.5 PORV

Block Valve (NO) [3]
Pressure relief, opens @ 2255 psig,

closes 0 2205

{Reactor Coolant Drain Tank header}

Pressurizer Spray Line

{Reactor Coolant Pump RC-P-2A outlet}
RC-V108

RC-V1

2.5

2.5

Manual gate

MO globe

RC-V3 2.5 MO gate

{Pressurizer Spray Nozzle}

(NO)

Operator or Auto-control on RCS

pressure

(NO)

Pressurizer Vent [4]

{Pressurizer steam dome}
RC-V114 1 Manual gate (NC) [5]
RC=VU5 1 Manual globe ??? (NC)

[Reactor Building Vent Header}

Letdown Line

[{RC-P-1A Inlet Line}

IRC-V121 2.5 Manual globe Block Valve

IMU-VIA
IMU-V2A

JMU-V1B
IMU-V2B

IMU-V376

2.5

2.5

2.5

2.5

2.5

MO gate
MO gate

MO gate
MO gate

MO globe

Inlet to Letdown Cooler MU-C-1A

Outlet from Letdown Cooler

MU-C-1A. (ES) [6]

Inlet to Letdown Cooler MU-C-1B

Outlet from Letdown Cooler

MU-C-1B (ES)

(ES)

NOTE: All data 1n table 6.0 taken from reference 7.

Table 6.0

6



VALVE LIST FOR TMI-2 STANDARD PROBLEM

e"t i ty[I; Size Description Function/Remarks

mi-v:oq 2.5

^l -

V 4 1.5

Manual gate Letdown Bloc* Orifice (NC)

AO gate [7] Let Down Block Orifice flow

control .

*U-V102 1.5 va^jal gate Letdown Block Orifice flow

block

^U-Vi01 2.5 Manual gate Isolate bypass control valve.

ml-.'5 1.5 AO gate Letdown 3'ock Orifice bypass

control .

Mc - v 1 3 3 2.5 Manual gate Isolate bypass control valve.

M^--J-rE} 2.5 How Nozzle Probably a venturi or calibrated

on f ice.

{-5L,r'*cation Dem' neralization complex)

^a*e .0 Ta-k)

Safety l-jection to Cold Leg 1A

ate -: Pump and flow distribution network)

■M_r2-ErE4} 2.5 Flow Nozzle Probably a venturi or calibrated

on
* ice.

"^-.160 2.5 MO Globe (SE) Safety Injection Control

M„-V4G:D 2.5 Check Prevent Dackflow.

M«-- . 152D 2.5 Check Prevent backflow.

,Zc' d Leg 1A)

ii't'.j >je:t'cn to Cold Leg 2A

, (Ma«.e .5 P'jmp and flow distribution network)

{M^23-'E3} 2.5 Flow Nozzle Probably a venturi or calibrated

orifice.

(SE) Safety Injection Control

Prevent backflow.

Prevent backflow.

afety Injection ana Sc^a Mane Up to Cold Leg IB

{Make Up Pump and f o» distribution network)

{MU23-FE2} 2.5 f 1
ow Nozzle Probably a venturi o

cal ibrated ori f ice .

MU-V16B 2.5 MC Globe (SE) Safety Injection Control

MU-V492B 2.5 Cnec- Prevent backflow.

ML-V152B 2.5 Chec» Prevent backflow.

mj-:16C 2.5 MO G'obe

MU-V402C 2.5 Cneck

"'J-V152C 2.5 > e ■: *

{Cc'd ^eg 2 A;

*able 6.0 (cert)



VALVE LIST FOR TMI-2 STANDARD PROBLEM

IdentityClT Size Description Function/Remarks

{Make Up Pump and flow distribution network}

{MU24-FE} 2.5 Flow Nozzle Probably a venturi or calibrated

orifice.

IMU-V153 2.5 Manual gate Isolate MU-V17.

|MU-V17 2.5 AO globe Normal make up control.

IMU-V154 2.5 Manual gate Isolate MU-V17.

IMU-V155 2.5 Manual globe Bypass MU-V17.

MU-V18 2.5 AO gate (ES) Normal make-up

block.

[MU-V402B 2.5 Check Prevent backflow.

IMU-V152B 2.5 Check Prevent backflow.

{Cold Leg IB}

Safety Injection to Cold Leg 2B

{Make Up Pump and flow distribution network}

{MU23-FE1} 2.5 Flow Nozzle Probably a venturi or

calibrated orifice.

MU-V16A 2.5 AO globe (ES) Safety Injection
Control .

MU-402A 2.5 Check Prevent backflow.

MU-152A 2.5 Check Prevent backflow.

{Cold Leg 28}

Table 6.0 (cont)



VALVE LIST FOR TMI-2 STANDARD PROBLEM

Iderf ty[l] Size Description Function/Remarks

DNDARY SYSTEM

Main Steam Supply to High Pressure Turbine

; {Steam Generator RC-H-1A)

MS-V4A 24 MO globe Steam generator isolation,

*S-v'7A 24 MO globe Steam generator isolation,

; {Steam Cnest R. h.}

-Steam Generator RC-H-1B)

MS-v4S 24 MO globe Steam generator isolation.

M S -

.-

'

8 24 *0 globe Steam generator isolation,

; {Steam C-est L. H.)

• P. Turbine}

c:c A 'j^iie Bypass

',Ma'r steam trun*. lines, connected via individual 8 in. lines to a common

10 in. turbine byoass line.}
"S-V15A 10 MO globe Steam generator isolation.

^S-. I7 4 Manual gate Gland Steam Seal System steam

supply. (NO)

«S-.'18 4 Check Prevent backflow.

{G' and Steam Seal System.}

MS-.21A 4 Manual gate Steam supply to Feedpump Turbine

Drive. (NC)

:FW-.1B)

MS-V36A 6 Manual Gate LP Turbine A heat supply block.
' M S -

v 3 7 A 6 AO gate LP Turbine A heater control.

{Moisture Separator Reheater M0-T-1A}

MS-;36B 6 Manual Gate LP Turbine B heat supply block.

MW37B 6 AO gate LP Turbine B neater control.

{M:'st^e Separator *eheater MO-T-1B}

MS-V23A 1C M0 gate Turbine bypass block. (NO)
MS-V25A 9 AO gate Turbine bypass control.

{Surface Condense-- "H" not C0-C-1B}

""S-./24A '0 MO gate FuOine bypass block. (NO)

;ms-;26A 8 AO gate Turbine bypass control.

{Surface Condenser 'h" Hot C0-C-1B}

Table 6.0 (cont)



VALVE LIST FOR TMI-2 STANDARD PROBLEM

IdentityCl] Size Description Function/Remarks

Loop B Turbine Bypass

{Main steam trunk lines, connected via individual 8 in. lines to a common

10 in. turbine bypass line.}
MS-V15B 10 MO globe Steam generator isolation.

MS-V21B 4 Manual gate Steam supply to Feedpump Turbine

Drive. (NC)

{FW-U1A}

MS-V23B 10 MO gate Turbine bypass block. (NO)

MS-V25A 8 AO gate Turbine bypass control.

{Surface Condenser "H" Hot C0-C-1B}

MS-V24B 10 MO gate Turbine bypass block. (NO)

MS-V26B 8 AO gate Turbine bypass control.

{Surface Condenser "H" Hot C0-C-1B}

Steam Generator A Atmospheric Dump

! {Outlet Steam Generator A}

[MS-V1A 6 Manual gate Steam dump block valve. (NO)

IMS-V3A 6 in/8 out AO gate Steam dump to atmosphere.

I {MS-U7A} 8 in/10 out Muffler

Steam Generator B Atmospheric Dump

[{Outlet Steam Generator B}

IMS-V1B 6 Manual gate Steam dump block valve. (NO),

|MS-V3B 6 in/8 out AO gate Steam dump to atmosphere.

!{MS-U7B} 8 in/10 out Muffler

FT] Items are ordered according to normal flow direction. When a path

branches, elements of each branch are grouped and then parallel

groups are indented. Non-valve items, enclosed in braces {}, are

included for clarity.

[2] MO = Motor operated.

[3] NO = Normally open.

[4] The pressurizer vent line was not active during the accident.

[5] NC = Normally closed.

[6] ES = controlled by Engineered Safety System.

[7] AO = Air (pneumatic) operated.

Table 6.0 (cont)

10
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TABLE 9

REACTOR VESSEL DESIGN DATA

Item Data

Design/operating pressure, psig 2500/2185

Kydrotest pressure (cold), psig 3125

Design/operating temperature, F 650/608

Overall height c:~ vessel and closure head, ft/in. Lo/6-7/8

Straight shell T.i.-.imum thickness, in. 8-7/16

Water volume (core and internals in place), ft UoiO

Thickness of insulation, in. 1*

Number of reactor closusure head studs 60

Flange ID, in. 167-1/2

Shell ID, in. 171

Inlet nozzle ID, in. 29

Cutlet nozzle ID, in. 36

Core flooding water nozzle ID, in. 11-1/2

Diameter of reactor closure head studs, in. 6-1/2

Coolant operating temperature inlet/outlet, F 557/608

Reactor coolant flcv, lb/h 137.90 * IO6

Shell cladding minimum thickness, in. 1/8

Shell cladding nominal thickness, in. 3/l6

Closure head minimum thickness, in. 6.625

Lower head minimum thickness, in. 5

Control red drive nozzles ID, in. 2.76

Axial power shaping red drive nozzles ID, in. 2.76

Incore instrumentation nozzles sched. Io0 ID, In. 3/^

Dry weight, lb (estimated)

Vessel 678,600
Closure head 162,500
5 teds, nuts, and washers Lo,20fi
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TABLE 10

REACTOR COOLANT SYSTEM PIPING DESIGN DATA

Reactor Inlet Piping

Pipe, ID, in.

Design pressure/temperature, psig/F

Operating pressure/temperature, psig/F
Hydrotest pressure, psig

Minimum thickness, in.

Coolant volume (hot-system total), ft3

Dry weight, system total, lb (estimated)

Reactor Outlet Piping

Pipe, ID, in.

Design pressure/temperature, psig/F

Operating pressure /temperature, psig/F

Hydrotest pressure, psig

Minimum thickness, in.

Coolant volume (hot-system total), ft3

Dry weight, system total, lb (estimated)

Pressurizer Surge Piping

Pipe size, in.

Design pressure/temperature, psig/F

Operating pressure/temperature, psig/F

Hydrotest pressure, psig

Coolant volume, hot, ft3

Dry weight, lb (estimated)

Pressurizer Soray Piping

Pipe size, in.

Design pressure/temperature, psig/F

Operating pressure /temperature , psig/F

tfydrctest pressure, psig

Coolant volume, hot, r_

Dry weight, lb (estimated)

28

2500/650

2255/556

3125

2-1/1*

950

225,000

36

2500/650

2192/608

3125

2-7/8

938

210,000

10, Sch 1U0

2500/670

2192/650

3125

20

5000

2-1/2, Sch 160

2500/650

2255/556

3125

2

650

2k



TABLE 11

MINIMUM FLOW ARIAS

Component Location Fl ow area, ft2

Hot leg Flowmeter 6.6

Tcld leg -.3

2 team ser.erat cr F.C inlet nozzle T.l

Reactor vesse 1 RC outlet nozzles 1L.1

P7 rump Outlet -.3

TABLE 1.1

FLOW DISTRIBUTION

p coEbir.ntion

A/locr hi

2/2

2/1

Al flow A2 flow

92,^0 92, uco

•vc.tOG 9o,tOC

2
"*

C0C - "'2 TCI

TABU'. r<

reactor c:cla:;t system pressure

Bl flcv

92,^00

119>52

122.500

:nos

B2 f

92,^00

-38.6:;

•32,-0

.«s:.-r. pressure

-.-ess.rizer cede safety valves

rfS5-ri:er ei^cironatic relief valve
(a)

Ocse

-:gr. tress-^re &.»rc
(a)

. (a)
r.-esso-::;: spray valve

.per.

lit se

:perat:r.<; pr-ss^-e
(a)

•

- c s _r e aO arm
V ay

fa)
;.-^3S—-e rea:t:r '.rip

-o'ircte-jt pressure

Pressure,

—ELLS

2500

2355

2255

2205

22<5

2205

215^

21^

20 55

1900

3125

Capacity ,

lb/h, total

69C, CDC

112, C0C

(»)..
ien3i.'g r.::::? or. reactor outlet pipe.

•";
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Gatc VrtctfiT

KC-VI08 ^V'
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TABLE Ik

REACTOR COOLANT PUMP AND MOTOR DESIGN DATA

(Data per pump or motor)

Pumt> data

Design pressure /temperature, psig/F

Hydrotest pressure

rpm at nameplate rating

Developed head, ft

Capacity, gpm

Seal water injection, gpm

Controlled bleedoff, gpm

Injection water temperature, F

Cooling water temperature, F

Pump discharge nozzle ID, in.

Pump suction nozzle ID, in.

Overall height (pump-motor), ft/in.

Dry weight without motor, lb

Coolant volume, ft3

Required net positive suction head, ft

Motor data

Type

Voltage

Phase

Frequency, Hz

Insulation class

Starting current

(full voltage), amp

Power (nameplate), hp

Rotor moment of inertia, lb-ft2

Motor weight , lb

2500/650

ASME, Section III

1190

362

92.L00

8

1

95

95

28

28

31/5-15/16

113,000

98

1*00

Squirrel cage induction

single-speed, water-cooled

6,600

3

60

F

3,600

9,000

70,000

102,850

30
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TABLE 15

PRESSURIIER DESIGN DATA

Item D**»

lesig- 'operating pressure, psig

Hydrotest pressure (cold), psig

"esigr. 'operating te=perature, F

Norr^l water volume, ft3

Ncraal steaz: volume, ft3

Electric heater capacity, kW

Shell 22, in.

2 .-.ell =u.ni3ua thickness, ic.

Dry weight, lb. (estisated)

Surge line no; lie. in.

Spray lice nozzle, :n.

Relief valve site, in.

Vent r.czzie ,
in.

Sa=pie line nozzle ,
in.

. ..er—*- ^e*x .» ~ ,
*.i-

level sensing nctzle, ir. .

Hester bundle iia., in.

Masway oper.ing, dia., 10, t- . 16

Electrtnatic relief valve size, in. 2-1/

2500/2155

3125

670 6-6

8C0

70C

1638

UL/11-3/L

96-3/8

6.1 = 3

301* , 730

10, Sch li-0

•*, Sch i«0

3

1, Sch 160

1, Sch lc'O

3/8

1

2 2-1/-



Vent nozzlo

Spray nozzle

FRCSSURneR. /s carbon

STf^L IMT&eMAUtf CLAD

UJ/T/J Vlk IHCH THICK

STftlVUTSS ST&TL

STE/W \JOLUME 70OFT*

VJrSTSf? Volume 800 rr*

foR (J UJr)TET? Lb~V£L Qf

zzo Irenes /tsa</e

Lower? sensiajc tiozzLe

PRESSURIZER

Relie( valve nozzle

(lyp of 3)

4.75 in. min.

Level sensing nozzle

Heater bundles (rotated)

Level sensing nozzle
1
(»yp of 3)

Surge line nozzle

3k



TAKE 1'

STTAM GDODUTOX DCS Id DATA

Iters

Data per

ataaa qener

Steam conditions at full load, outlet nozzles

Steam flow, lb, h

Steam te-terature, F

Steam pressure, psig

Feedwater t smperat -re ,
F

Reactor coolant flow, Ib'h

reactor coolant sice

Design/operating pressure, psig

Oesigr., operating temperature, F

I .-.let

lutlet

Hylrctest pressure, psig

loolant volume (hot), ft3

Secondary side

resign. operating pressure, psig

Design temperature ,
f

Hydrotest pressure, psig

.Vet volume, ft3

. iaensiona

:es, --'min. wall , .n.

o.erall height (including skirt), ft/in.

Shell, CD, in.

Shell minimum tnicxr.ess (at tube sheets 1

feedwater conr.ect), in.

Shell minimum thick.-.ess, in.

Tote sr.eet ,
tr. IcKr.es sea , in.

2ry ve.gr.t, lb.

Erpcsei tube length, ft/in.

:iciz-.es - ractcr coolant slue

-ut^et N:zz-e, .*■, :.-. .

Drain nozzle, in.

Wanway ID, in.

Hand-hoies, :n.

:!czzles - secondary side

Steam r.oi^le 12, .n.

. e.-.t noizle ,
ir.

Drain noizie , in .

I rain r.o zzie , '..-..

Level sensing nozzle, in.

Therr.cveil ID, in.

Harrway ID, in.

Feedwater nozzle ,
in.

Ajtiiiary feedwater nct:.i ,

Haadho 1 • ■ iia.
,
in.

6.12 ■ IO6

570 (35F supe

910

L70

68.95 - 1C6

2500/2185

650/608

650/556

3125

2017

1050/910

600

1312.5

3U2

0.625/0. 03L

73/2-1/2

151-1/8

6.625

U.1875
21*

1,1UU,500
52/1-3/8

36

28

1, Sch 160

16

5

2U-I/U

1-1/2, Sch 5C

1-1; 2 . Sch 60

1
,
Sch 80

1
,
Sch SO

3,'?

Io

1 4 ,
Sch iC

6, Sch 6c
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PART III

NSAC PERSPECTIVE

c9CJtCT DESCRIPTION

"

detailed analyses of core conditions for the "TM 1-2 accident requires detailed

•nfcr*ration about the geometry and materials properties of the core and adjacent

reckons, 'his 1 n'or^dt 1 on is provided here so that different core transient

analyses can start from the same description of the TMI-2 core in its original,

'ntjCt cord i*i en.

>'p\>::' 'e,.:e:"ve

T|*e :t;e::i.e is to minimize discrepancies between individual analysis of TMI-2 by

pro.'d'ng a consistent input description of the core and its materials.

r

•

**e >-jly:is o* the "^1-2 core is complicated by a need to couple together

separjte analyses of various time intervals and plant events. There is also a

reed to ccocare detailed calculations with a generalized analysis of core

rcrdifcrs
•

n

order to bench-mark the generalized analysis approach. A good set

o* boundary conditions and materials properties is the logical beginning point.

'-ft *X0'.-2 2S-bu''t core information has been organized in a handbook format to

•icilrj'e its use in any 'Hl-2 core analysis. The TMI-2 experience has shown

■nat "he avai labi
1 '

•:/ Df a we 1 1 -documented set of basic plant design and materials

'-<
'--,,<-_1on can be a tremendous asset in core-event analyses. In general, it

::.:.ears that plant safety analyses reports and related licensing information ire

"either ccrrple'.e enough nor in sufficient detail to permit such analyses. This

report or i logical ex'.ens'on of it Tight serve as a model in preparing similar

hd"dbooks for cher plants.

I!I-1ii



 



ABSTRACT

>e nominal design and material characteristics of the TMI-2 reactor core a

adjacent regions have been surveyed. The dimensions, functions, and basic

the-~"ial properties of reactor components are organized and discussed for

reference purposes.
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1.0 SUMMARY

A survey was made of publicly available documentation for the purpose

of characterizing the nominal geometry and material configuration of

the TMI-2 reactor core and immediately adjacent regions. Information

about the design, material inventory, and related thermal properties

was identified and organized 1n a consistent format for each of the

components considered. The results of this survey were documented

to support the generation and Interpretation of NSAC-sponsored

a-alyses of the March 28, 1979 incident at TMI. The report format

riows further details to be added, 1f the need arises.

r
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•.N'?CnLCT:AN

In an scoring technical report, NSAC plans to assess the core damage

consequences of the 3/23/79 TMI-2 accident. Current analytical re

sults and small-break modeling requirements will also be addressed.

For these reasons, it is necessary to organize and document the pre-

accdent configuration of the TMI-2 core. Such documentation will

^r;,i^e: 1) a physical perspective by which to evaluate the post-accident

core condition, and 2) consistency of Input among the .arlous component

and system codes which may be involved in subsequent analytical efforts.

*he *ol'~wing report consolidates much of the publicly available data

on the design and material configuration of the TMI-2 core region. The

reporting of nominal data implies an assumption that the core was bulVt

as designed. Section 3 addresses the functional aspects of the core a^

;>art c* f-e overall nuclear steam supply system. Section 4 describes

the tdsic configuration of the reactor core and immediately adjacent

regions. Section 5 summarizes the core material inventory and thermal

properties, ^e^erences are identified in Section 6.
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3 . 0 NL'CLEAR S'EAM SUPPLY Si 'EM

"*e b^ sic 'tmction of the reactor core as an integral part of the nuclear

stean supply system is outlined in this section.

( i
-

5
Figure 1

'

illustrates the main components of the nuc>ear steam supply

system at TMI-2. For simplicity, only one of the two primary and

secondary loops connected to the reactor vessel is shown. Also, only

one o' the two cold legs in the primary loop is shown.

n s^-rary "', the highly pressurized circulating fluid in the primary

ocp is continually being heated in the reactor core. The primary

oop is housed m the containment building. Heat is transferred from

tne pnrrary to the secondary loop fluid in the steam generator. The

resulting steam passes through the turbine, condenses, and is returned -

to the steam generator for another heating cycle. Subsequent discussion,

•ill focus on the primary loop portion of the nuclear steam supply system.

2 . 1 Pr-i-nary System

As previously indicated in Figure 1, the main primary loop

components are the reactor vessel, pressurizer, steam generators,
(?)

reactor coolant pumps and Interconnected piping. Figure 2V '
shows

a top view of how the primary loop components are arranged in

two -eat transfer loops, each incorporating two reactor coolant

(2)
:^~ps and one steam generator. Figure 3 gives a side view a

tne relative elevation of the primary loop components.

"he primary loop coolant is heated in the core region of tne

reactor vessel and transported by the hot leg piping to the

steam Tener3tor. Heat is transferred to the cooler fluid in the

-,t.".ondary oystem as the primary fluid flows downward through the

steam uenerator. The pumps return the primary coolant to the

reactor vessel through the t«o cold legs on each heat transfer

3-1
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Lou. Curing normal operation, primary coolant temperatures are

-jintamed in a Sub-cooled state by varying "ie ao:,rf :f electrical

"ieat input tc the pressurlzer. The reactor components of the

priiary system will be emphasized below.

3.1.1 Reactor Vessel

The reactor vessel is a large steel tank some 41 feet

high and 16 feet in diameter. The reactor vessel

encloses and supports the nuclear core and associated

structures. As shown 1n Figure 3, the overall vessel

geometry is cylindrical with spherical upper and lower

plenums at the ends of the cylinder. The upper head

piece is removable for refueling and material sur

veillance. The minimum wall thickness of the vessel

shell (sides), upper head, and lower head are re-
'■

spectlvely 8. -5, 6.6 and 5.0 Inches. The shell

incorporates coolant Inlet and outlet nozzles as

previously seen 1n Figures 2 and 3. The top and

bottom heads are penetrated by flanged nozzles. The

top penetrations are mainly for reactivity control

hardware. The bottom penetrations are for core in

strumentation hardware. All internal surfaces of the

vessel are clad with a stainless steel layer about

0.2 inches thick to minimize corrosion by the primary

coolant. The vessel, upper head, and closure pieces

together have a dry weight of some 440 tons. The

reactor vessel internals are described below.

3.1.1.1 Peactor Vessel Internals

-ne reactor vessel internals include the active core,

plenum assembly and core support assembly. The active

core is an array )-' nuclear fuel rod bundles and them

associated :ontrol element assemblies, 'he plenum assembly

consists ;f a plenum cover, upper grid, control rod

3-5



assembly guide tubes, and a flanged plenum cylinder.

The core support assembly is comprised of a support

shield, vent valves, core barrel, lower grid, flow

distributor, instrument guide tubes, thermal shield,

and surveillance tubes. The reactor vessel internals

are all removable.

(2)
Figure 4V '

shows an axial cross section of the reactor

(131
vessel with the internals in place. Figure 5V

'
shows

a radial cross section of the vessel internals in the

active core region.

The active core and directly adjacent regions will be

described in detail in Section 4.

In summary, the active core fills the inside of an approxi

mate right circular cylinder having a height of 12 feet

and an equivalent diameter of 10.7 feet. The active

core consists of a closely packed array of axially

oriented nuclear fuel bundles. The bundles contain

equal numbers of nominally identical fuel rods. Space

is provided between the fuel rods to allow the passage

of coolant flow and the placement of in-core instrument

tubes and various types of reactivity control rods.

The adjacent core regions include the upper and lower

end fittings on each fuel bundle, the upper and lower

core support plates, and the concentric cylindrical

hardware that occupies the annular region between the

peripheral fuel bundles and the inside wall of the

reactor vessel. In summary, the components of the

adjacent core region structurally support the core,

maintain alignment between the fuel, control, and

instrumentation assemblies, direct the flow of primary

system coolant between the vessel and core inlets, and

limit neutron flux levels at the vessel wall.
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i.o ::?£ c^NFIGl'PA'I'iN

This section presents geometry and material data which characterize the

nominal design configuration of both active and immediately adjacent

regions of the 'MI -2 core. Most of the discussion which follows is based

on the review and consolidation of information contained in safety
, Pi

analysis reports "or TMI-2V'' and other plants of the same or comparable
(26

n 7 1
vendor product Hnev '"'

. 'he summary tables in tnis section indicate

-~e" significant uncertainty exists in the available dimensional or

-atenal data for a given component. Unless otherwise stated then,

all of the data presented below are thought to represent the actual core

design conditions to within a few percent.

4. 1 -ctive Core Region

"ne active core region consists of 177 individual fuel

assemblies arranged in a square lattice to approximate the

shape of a cylinder. In the discussion which follows, the

core will be described in its shutdcwn configuration. Shut-

:cwn configuration means that the control rod assemblies,

normally withdrawn from the core during operation, are assumed

to be fully inserted and thus part of the active core region.

"ne axial and radial locations of the active core region within

the reactor vessel were previously seen in Figures 4 and 5. The

cerall dimensions and configuration of the active core are

Summarized in Table 1.

All of the fuel assemblies that constitute the core are of

identical construction and materials. The fuel assemblies differ

on!y in the contents of the guide tubes and instrument tubes

that irp cart of *?acn assembly. The core cross section shown

in Hgure 6 1 i
*'
erenti i "es the f'jel assemblies in this

' "

6 15 32)
respec t

■
" '
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TABLE 1 - ACTIVE CORE REGION DATA SUMMARY

Parameter

geometry
total length
active length
maximum core diameter

minimum core diameter

total flow area

heated flow area

total surface area

heated surface area

fuel rod assemblies

full length control rod assemblies

part length control rod assemblies

burnable poison assemblies

orifice rod assemblies

zircaloy
304 stainless

inconel

Ag-In-Cd

Al203-B/iC
&d203-U02
Zr02
UO2
trace materials

Units Value

in 155.2*1

in 144

in 133.8

in„

ft2
ft2
ft2ft*

129.0

52.3+1

49.2

57979

49734

_ 177
- 61
- 8

- 68
- 40

lbs 50770

lbs 3550

lbs 2670

lbs 6060

lbs 1380

lbs 290

lbs 730

lbs 205140

lbs 250±100

270840±5%

Comment

open lattice

between assy end fittings

pellet stack length
diagonally across 11 assys.

perpendicular across 15 assys.

based on total/effective flow

without core bypass flow

without grids
active surfaces

without assy end fittings

instrument thimbles, instru

ments, insulation, neutron

sources

total material lbs between assy end fittings and

baffle plates
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The nuclear reactivity of the core is controlled by fixed or

movable bundles of unfueled rods that are symetrically spaced

among the fuel rods in each assembly. The movable control

bundles contain a neutron absorber along their full length or

part of their length. The fixed control bundles contain either

burnable poison rods or empty orifice rods.

Each assembly in the core contains an instrument tube at

its center. Fifty-two of the fuel assemblies have an instrumented

thimble within the instrument tube to measure the assembly neutron

flux distribution and coolant temperature. The balance of the

instrument tubes contain empty thimbles. Fuel assembly details

are described in the following section.

4.1.1 Fuel Assembly

Each of the TMI-2 fuel assemblies is a 15x15 array of

208 fuel rods, 16 guide tubes, and 1 instrument tube.

The fuel assembly is about 14 feet long, including end

fittings, and is 8.54 inches square. An axial view and a

radial cross section of the fuel assembly are shown in

(21 (121
Figures 7V '

and 8V ', respectively.

In the lateral direction the fuel assembly elements are

held together by eight "egg-crate" type grids, equally

spaced along the assembly length. Axial structure is

provided by the guide tubes which run the length of the

assembly and are attached to the upper and lower end

fittings, shown in Figure 7. Figure 8 shows the symmetrical

arrangement of the components within the fuel assembly.

The space provided between these components allows the

passage of coolant flow. Table 2 summarizes the main

assembly geometric parameters. Fuel assembly components

are further described below.
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'APLE 2 - ^cEl 4SCE'-<I

•a~eter Units Value Comment

geometry
_

total length i n

tundle length 1 n

active length in

cross section in

-od pitch in,
'lew area in~

fttotal sur-'ace area

Keated sur*jce area

etui', a' en t hydraulic diameter in

edui va 'en t heated di jrj'.t?'' 1 n

'.el rods _

guide tubes -

instrument tube -

grids
-

15x .5

165 6

155 2±1

144 Ci.5

8.54 > i 3.54

0 568

39. 6

327. 6

281. 0

0 521

0 575

204

16

1

8

square array

with end fittings
between end 'ittings
pellet stack length

between grid elevations

without grids

active surfaces

37 31 9 11 wi thout end f i ttings
15 15 15 15 -

96 26 0 0 -

0 0 22/72 0 -

i 4 4 4 -

assets'. t<oe* - A B C 0

:ir;a!oy lb 276 276 300 276

3C4 sta-nless lb

T.cone1 lb

-c-ld-ln lo

4f-:,-3.:/id^c,-'jo-, lb

:-:/
* '

-

ib

!Jj,~ lb 1159 1159 1159 1159 -

total -aterials lb 1588 1513 151CV 1466 between end fittings
1 560

*jel assert!, *ith r'ull Vngth control assembly inserted

'".el assembly with part length control assembly inserted

'oel assembly <*itn burnable poison assembly in place

f^el assembly with -rifice assembly in place



4.1.1.1 Fuel Rods

An axial and radial fuel rod cross section is shown in

Figure 9a . Fuel rod design and coolant channel data is

summarized in Table 3. The fuel is U02 powder, pressed,

sintered, and centerless ground to form cylindrical

pellets. The pellets are stacked end to end inside

zircaloy cladding tubes which incorporate upper and

lower plenum voids and support springs. The tubes

are pressurized with helium and welded shut with

zircaloy end plugs.

The ends of each fuel pellet have a slight dish-shaped

depression to allow space for fuel volume changes
(1 21

during operation^
'

'. Also, the upper and lower &Jge of

each pellet is ground down to help minimize cladding

stress concentration when the fuel to cladding gap is

closed. A ceramic insulator disc prevents physical

contact between the plenum springs and the hot fuel

stack.

4.1.1.2 Guide Tubes

Each fuel assembly incorporates 16 zircaloy guide tubes

which are permanently attached to the upper and lower

assembly end fittings. Axial and radial cross sections

of a single guide tube are shown in Figure 9b. Geometric

data are given in Table 4.

The guide tubes provide an envelope which either directs

the movement of control rods or positions the fixed

burnable poison and orifice rods when they are first

inserted. The guide tubes also hold the upper and lower

end fittings together. The tubes are secured by lock

welded nuts threaded to sleeves welded on each end. The
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TABLE 3 - FUEL ROD DATA SUMMARY

Parameter Units Value Comment

geometry - - cylindr
total length in 153.2 -

active length in 144 _

subchannel types*
in~

in?
in

ABC -

flow area .177 .159 .166 _

total surface area 207 220 215 .

heated surface area 194 146 146 _

equivalent hydraulic diameter in .525 .444 .474 _

equivalent heated diameter in .525 .626 .655 -

cladding O.D. in 0.430

cladding ID in 0.377 _

pellet diameter in 0.370 _

pellet density % T.D 92.5±1.5 _

pellet avg. enrichment wt% 2.57 _

pellet length in 0.7 -

pellet dish vol % 1.7+.5 assumed

upper plenum length in 8±1 assumed

lower plenum length in 3±1 assumed

fill gas pressure psia
in /in

465±50,He assumed

plenum spring volume 0.012±.004 assumed

spacer diameter in 0.366 -

spacer length in 0.440 assumed

fuel material - sintered UO^
-

cladding material - cold work Zirc-4 _

end plug material - zirc-4 _

spring material - 304SS assumed

spacer material -

ZrO,
1.24

-

zirc-4 lbs -

uo2
304 stainless

lbs 5.57 -

lbs 0.04 assumed

Zr02 lbs 0.02 -

total material lbs 6.87 _

*A fuel rods

B fuel rods & guide tube

C fuel rods & instrument tube
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'ABLE 4 - CONTROL -^D GUICc
r

BE ^^r^ SI '-'MARv

^ara-eter

;eo~etry

t c
*

a
'

1 en>' t h

total surface area

•...be CC

tube i:

tube
*

a t e r i a 1

0' rCa; ;y

Units Valje Comment

- -

cyl indrical
in

in

157:2 -

261:5 -

l n 0.530 -

in 0.498 -

- :i rcaloy -

lb 1.0:. 1 -

TABLE 5 - INSTALMENT TUBE DATA SUMMARY

"ara^eter

:ece f •

total le^uth

total s_,r*'3ce area

t.be CO

t.be ::

tube material

'■"BLE 6 - C.F4CER GRID DAT4 SUMMARY

'jrr^'.er Units .a lue Comment

geometry
- -

egg crate, no mixing vanes

assumed

» st-ips per grid

str-p length ;^cri;:n'3' ;
in

: trip widtn ( /r.r* i Cj
i
) in

Units Value Comment

-

159*?
cyl indrical

i n .

-i -1

i n1" 246±5 -

i n 0.493 -

in 0.441 -

- zircaloy -

lb 1.4:. 1 .

strip tmeness m

strip poros'ty

gr1d •u'-'ar* km in" 6?°*1H0 Kcth sides

/.'": *iv."m!

n c O r (■_
'

lb

22

8.54

1.3C-t.Z

0 .020*

10

02

01

6 ? i ♦ 1 no

i nconel

1. i

stamped out volume, assume<
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tubes ends are open to coolant flow at the top and bottom,

but the amount of flow is small compared to a fuel rod

channel since the guide tubes each contain a control,

poison, or orifice rod.

4.1.1.3 Instrument Tube

A Zircaloy instrument tube occupies the central position

of each fuel assembly. The instrument tube is attached

to a retainer sleeve which is part of the lower end

fitting.

The instrument tube extends the length of the active

core and terminates in a coolant mixing cup in the fuel

assembly upper end fitting. Zircaloy sleeves are fitted

around the instrument tube between the spacer grids 'to

prevent their axial motion.

In 52 selected fuel assemblies, the instrument tube con

tains a full length instrument thimble. This thimble is

inserted from the bottom of the active core and connected

to a fixture at the bottom end of the instrument tube

retainer sleeve. The thimble is clad with inconel and

houses various 1n-core measurement devices that are

positioned around a central calibration tube. These

devices include 7 self powered neutron detectors (SPND),

axially spaced at equal intervals through the active core.

Also included are a background or symmetry monitor and a

coolant thermocouple. The thermocouple junction is locateo

at the top of the instrument tube. The instrument tube

and thimble configuration is shown in Figure 9c and sum

marized in Table 5. Since the instrument thimble mass

(32)
is only about 1 poundv ', its characteristics will not

be discussed further.
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4.1.1.4 Soacer Grids

Each fuel assembly has eight spacer grids uniformly

distributed along its length. The grids are each made

from 32 slotted strips of Inconel which are fit together

in an "egg-crate" fashion. The Inconel strips thus

constitute a 15x15 lattice as shown in Figure 10.

The overall grid geometry 1s summarized 1n Table 6.

Physical contact exists between the outside grid faces

of adjacent fuel assemblies. The grids maintain the

square array and spacing of the fuel rods, guide tubes

and Instrument tube within each assembly. These com

ponents are supported within the grid by contact points

on each grid face. A load 1s Imposed on the fuel rods

by the contact points which 1s sufficient to minimize

fretting wear, but not enough to Interfere with cladding

elongation. The outside strips of the top and bottom

grids are axially extended a few inches to allow mechanical

attachment to the end fitting located a few Inches above

and below the active fuel region. The small amount of

material represented by this extension will be neglected

here.

Unfuel ed As sembl i es

As previously stated, core reactivity is controlled by

'our types of unfueled assemblies; namely, full and

part-length control rod assemblies, burnable poison rod

assemblies, and orifice rod assemblies. Following shut

down, all o* the unfueled rods reside within the active

core region, symmetrically positioned inside the guide

tubes 1n each fuel assembly. The threaded upper ends of

the 16 unfueled rods in each fuel assembly are attached

by a nut to a stainless steel spider-like structure. The

4-13
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spider hub is positioned by a ri.fure in the upper part

of the end fitting and is not considered part of the core

region for the present purpose. The following discussion

will summarize the characteristics ot the unfueled rods.

4.1.2.1 Full Length Control Rods

Sixty-one of the unfu^Ted assemblies consist ot full-

length control reds. These rods contain a strong

neutron absorber over a length that spans most of the

active core region. Full-length control rods provide

the primary sa'e shutdown and power regulation functions

in the core.

The absorber material itself is in the form of a

solid metal alloy rod containing by weight 80% silver,

151 indium, and 51 cadmium. The absorber rod is

axially positioned within the control rod cladding by

internal spacers and restrained by a hold-down spring.

The cladding material is cold-worked stainless steel.

The cladding is mechanically stronger than the absorber

material and so maintains a fixed control rod geometry.

Since primary system coolant is present in the control

rod guide tube, use of stainless cladding prevents cor

rosion as well. The control rod has a chemically inert

internal atmosphere. The end plugs are annealed stain

less steel. A cross-section of a full length control

r-.d is shown in Figure llav . "he geometry ari material

data na^e been summarized in Table ".

4
• 1.2.2 Fart Length Control Rods

Eijnt o* the unfueled assemblies in the active core

reg'O" consist o" part -length control rods. These rods

na/e a similar ;eemetry and incorporate the same naterials

a j. the t.jll Vrgth .cntrol r.os. The absorber section,

-Mwevt-r, spans i relatively short rerp0n near the bottom
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"ABLE • ■■ rULL LENGTH C^oo — P DATA : WARY

arj-eter

:eo~et rv

« rCos per assemb*..
total lengt"
absorber length
dad 00

clad 13

absorber d 1 3~eter

clad ~a tergal

absorber r^ter-al

spacer -iaterial

spr- ng -na ter-a 1

end pi ug -dteria1

314 stamless

:g- Id- In
7 .-O
•- -

1

total natenal

Units Value Comrent

- .

cyl indrical
- 16 -

in 152:2 -

in 134 -

in 0.440 -

i n 0.398 -

in 0.394 1% gap assu

- 304 SS.CW -

-

80Ag*15In+5Cd wt 5

- stainless assumed

- stainless assumed
- 304SS,Ann -

lb 1.8s. 2 -

lb 6.0*1 -

lb 0.02 -

lb 7.8 ±1.2 -

'ABLE 3 - PART LENGTH CCNTROL ROD DATA SUMMARY

:jr3~eter Units Value Comment

- 16

in 152

in 36

in 0.440

in 0.398

in 0 . 394

. 3:Ag*15In*5Cd
- 304SS.CW
- 3C4SS,Ann

lb 1.4:. 4

lb 1.6

lb 3.02.4

georet-y cylindrical
» 'tcs per assembly
f-tai 'ergtn
abscr-pr lergth
clad I'D

absorber d"arreter in 0.394 1% gap assumed

ac:crp..r "eterial - SHAg + 15In*5Cd wt

c" id -.a terial

■i-i p1 ^g -nater iai

;C4 stamless

Ag-Cd-ln
ttti1 -atenal
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of the active core. Part-length control rods are de

signed to damp out the effect of xenon oscillations on the

axial flux distribution during power changes. Coolant

occupies the vented region above the isolated absorber

section of a part-length control rod. The cross section

and dimensions of a part-length control rod are shown in

( 2)
Figure Ubv '

and summarized in Table 8.

4.1.2.3 Burnable Poison Rods

Sixty-eight unfueled assemblies contain zircaloy clad

burnable poison rods. The position of these rods is

fixed inside the fuel assembly guide tubes, since the

spider element is latched to an upper end fitting

fixture. The burnable poison rods incorporate ceramic ~;

pellets containing a neutron absorbing material. The

absorber is gradually depleted during exposure to the

core neutron flux. The burnable poison reduces the

positive moderator temperature coefficient that exists

at the beginning of the initial fuel cycle. The poison

also flattens the core interior power distribution and

balances the effect of slowly occurring negative re

activity changes due to fuel burnup and fission product

accumulation.

The burnable poison material is B.C suspended in cylindrical

alumina (Al-O^) pellets. The pellets are loaded into

Zircaloy cladding tubes and axially positioned with in

ternal spacers. A small gap exists between the pellets

and the cladding. Motion of the pellet stack is re

strained by a holddown spring. The ends of the cladding

tubes are closed by welded Zircaloy plugs. A cross section

(2)
of a burnable poison rod is shown in Figure 12a . The

dimensions and material data are summarized in Table 9.
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NAI 80-13

Revision 0

February 15, 1980

TABLE 9 - BURNABLE POISON ROD DATA SUMMARY

Parameter Units Value Comment

geometry _ _ cylindrical
# rods per assembly - 16 -

total length in 148±2 -

poison length in 126 .

clad OD in 0.430 .

clad ID in 0-360 -

poison diameter in 0.353 2% gap assumed

clad material - zirc-4,C.W. -

poison material -

Al203+B4C/Gd203+U02
-

spring material - stainless assumed

end plug material - zirc-4,Ann -

zircaloy lb 1.6 -

Al203+B4C/Gd203+U02 .

lb 1.4/4.5 -

stainless lb 0.06 ±.03 -

total material lb 3.1/6.2 -

TABLE 10 - ORIFICE ROD DATA SUMMARY

Parameter Units Value Comment

gedmetry _ - cylindrical
# rods per assembly - 16 -

total length in 12+4 assumed

clad OD in 0.480 -

clad ID in 0.440 assumed

clad material - 304SS,Ann .

end plug material - 304SS,Ann _

stainless lb 0.19 -
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4.1.2.4 :Vi*-ce Pods

Forty of the unfueled assemblies consist of empty Zircaloy

orifice rods. These rods are inserted a short distance

into the „pper portions of the guide tubes in tne

peripheral *uel assemblies. The peripheral fuel assemblies

do not require supplemental reactivi ty control rods be

cause the neutron flux is relatively low at the edge of

the active core. The presence of orifice rods is necessary

however, to limit the amount of coolant flow that would

otherwise pass through the empty guide tubes and avoid the

'uel rod channels. Like the burnable poison rocs, the axial

position of the orifice rods 1s fixed by the mechanical

coupling that exists between the spider element and the

fuel assembly upper end fitting. An orifice rod is

(2)
illustrated in Figure 12b . The geometric parameters

are 1 isted in Table 10.

Adjacent Core Region

The configuration of the reactor vessel internals that are

i-rediately adjacent tc the active core region are described

in *.ris section. The components of the adjacent core region

are distinguished here on the basis of their axial or radial

orientation relative to the effective cylindrical shape of the

active core reg'on. ~njs approach is *a*en, oecause the coolant

*'cw path trrougn the active core region is through the ends of

•

*e e*'*ecti .e core c/l'nder. Fl :w can en*er o>- leave the active

:or<? reg'on or'/ ty passing through the annular region surrounding

• ■
-

p pf for* i vg core cylinder.

• -21



4.2.1 Radial Orientation

Figure 5 previously showed a radial cross section of

the vessel internals in the active core region.

The space between the outer edge of the peripheral

fuel assemblies and the inside of the reactor vessel

wall forms an annul us around the core. The main com

ponents of this annulus are the core baffle, the core

barrel, and the vessel thermal shield. The dimensions

of the radially adjacent core region are illustrated

in Figure 13 and summarized in Table 11.

4.2.1.1 Core Baffle

The core baffle consists of horizontal former plates and

a series of vertical baffle plates. These plates are

forged from stainless steel and together form an inner

wall of structural material that laterally encloses the

active core region. The eight horizontal former plates are

axially spaced between the bottom and top of the active

core region and are bolted to the core barrel. The

vertical baffle plates are bolted to the inner surface

of the former plates and lie flat against the outside

grid faces of the peripheral fuel assemblies. Symmetric

holes in the horizontal former plates allow a small

portion of the primary coolant to flow upward in the 5

inch space between the baffle plates and the inside

wall of the core barrel. Relative to core conditions,

slightly lower coolant pressure exists in the core

baffle region to avoid tensile stress on the plate

attachment bolts.
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TABLE 11 - RADIALLY ADJACENT CORE REGION DATA SUMMARY

Parameter Units Value Comment

Baffle Plates

geometry - - vertical retangular plates

length in 166±3 -

width in 8.6/17.2/43.0 -

thickness in 0.9+.3 _

# plates - 24/8/4 total

material -

stainless steel assumed

stainless steel lb 22250+10% all plates together

Former Plates

geometry

fr

- horizontal perforated
disc segment

total area 17.8 1 elevation, 1 side

flow area 1.4+. 4 1 elevation, perforations
thickness in 0.9+. 3 assumed ";

# plates - 8 § elevations

material - stainless steel assumed

stainless steel lb 4940+1 0% all elevations

Core Barrel

geometry
- - cylindrical

length in 166±3 -

O.D. in 145.0 .

I.D. in 141.2 _

material -

stainless steel assumed

stainless steel lb 40930+10% -

Thermal shield

geometry
- - cylindrical

length in 166±3 -

O.D. in 151 -

I.D. in 147 _

material - stainless steel -

stainless steel lb 44820±10% .

Flow Areas

between baffle |jlates and

ft2core barrel 17.8+10% -

through holes in former
?

plates ft* 1.4+502 1 elevation
between core bai•rel and

ft2thermal shield 3.2+20? -

between thermal shield and

ft2vessel ID 35.8+10? -
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4.2.1.2 Core Barrel

"hg core barrel is a flanged stainless steel cylinder about

14 'eet long, 145 inches in outside diameter, and 2 inches

thick, the core barrel surrounds the baffle region and

extends axially between the lower grid assembly, which is

bolted to it, and the upper fuel assembly tie plate. The

core barrel structurally supports the weight of the fuel

assemblies, lower support plate, lower grid, flow distri

butor, and incore instrument guide tubes. The outside

surface of the core barrel also forms the inner boundary

)f the 'low annulus which guides the primary coolant from

the vessel Inlet to the core Inlet.

4.2.1.3 -Hpr-al Shield

"he thermal shield is a stainless steel cylinder with an

outside C'ameter of 151 inches and a wall thickness of 2

inches. The thermal shield completely surrounds the core

^arre'i. The barrel and the shield are separated by a 1

inch space, normally occupied by primary coolant. The

thermal shield reduces the incident neutron flux at the

<essel wall and minimizes gamma heating of the wall material.

'Ke shield extends a<ially from the lower grid assembly

where it is bolted. *o the upper fuel assembly tie plate

where it is radially pinned to the core barrel. Between

the thermal shield and the inside wall o* the reactor

/essel is a 10 inch annulus. This annulus together with

the smaller annulcjs between tne core barrel and thermal

shield constitutes the downcomer. The downcomer forms the

?r<-&ry coolant *"w pa'h between the cold leg piping and

1 ",«'"" p 1 enum .
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Axial Orientation

Figure 4 previously showed a longitudinal cross section

of the reactor vessel and internals. Neglecting the

upper and lower plenums, a cylindrical ly shaped region

extends a foot or so above and below the active core.

This region is occupied by fuel assembly end fittings,

a lower core support plate, and an upper assembly tie

plate. Dimensional and material data for these components

is summarized in Table 12.

4.2.2.1 Assembly End Fittings

Figure 7 previously showed the general configuration of

the upper and lower fuel assembly end fittings. The end

fittings are cast from stainless steel and held together

axially by the fuel assembly guide tubes. The guide tubes

are attached by lock-welded nuts to a grilled plate in

each end fitting. The plate allows the passage of coolant

flow through the end fittings. Alignment pins position

the end fittings within close tolerances to an upper tie

plate and a lower core support plate.

The upper end fitting incorporates a holddown spring to

oppose upward hydraulic forces on the grill plate during

full flow conditions^ '

. As shown in Figure 14' , a

hollow post at the center of the end fitting provides a

retaining fixture for the orifice and burnable poison rod

assemblies and a mixing cup to house the upper end of the

instrument tube with its coolant thermocouple. The bridge-

work on top of the upper end fitting provides a structure

for handling the assembly during fuel shuffling and loading

operations.
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ABLE 12 - AXIALLY ADJACENT CORE REGION DATA SUMMARY

-a' -e'er

Assy Upper End Fitting

geometry

total length

cross section dimensions

min-i-um flow area

material

stainless steel

Units

in

Value

6.2:2

!n2
in

8.54x8.54

40*10
- 304 SS

lb 22+2

Comment

square, cage-like
structure

excluding upper grid
extension

grill plate region

Assy .c«er End Fitting

geometry
- -

total length in 4.4*1.5

cress section dimensions in?
in

8.54x8.54

minimum flow area 40±10

mater 'al - 304SS

s'a-r'ess steel lb 16+2

square cage-1 ike

structure

excluding lower grid
extension

grill plate region

*'e ?1ate

g-c-etry

d' i~e'er

thickness

* perforations

;er<or3ticn diameter

tota 1 flcw area

material

stairless steel

Core lucport Plate

geometry

diameter

tmckness

* perforations

:er*orjtion diameter

total °ow area

-.iteri.il

rainless s*eel

perforated disc

in 141.2 -

in 3.3+1 -

- 177 1 per fuel assembly
in~ 6*2 -

34.8±10 through perforations
- stainless st eel assumed

lb 7580+1000 -

in 141.2

in 4. 82 1.5

- 708

i n,, 2 - 1

ft" 15.4:5
-

stainless steel

lb 16670+3000

perforated disc

4 per *uel assy assumed

through perforations
assumed
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'he lower fuel assembly end fitting incorporates a central

connection for the instrument tube. The bottoms of the

fuel rod end plugs are 1n contact with the end fitting

grill plate. As previously stated in Section 4.1.1.4,

axial motion of the fuel rods is restrained by the spacer

grid contact points in the active region.

4.2.2.2 Upper Tie Plate

The upper core tie plate is a large performated stainless

steel disc located directly above the fuel assembly end

fittings. The tie plate is part of the upper plenum

assembly and is bolted to the lower flange of the plenum

cylinder. The tie plate is also supported by the control

rod assembly guide tubes which are suspended from the

plenum cover. The control rod assembly guide tubes are

bolted to the upper tie plate, directly above the pre

viously mentioned perforations.

The tie plate aligns the lower ends of the control rod

assembly guide tubes with the upper ends of corresponding

fuel assemblies. Alignment studs on the top of each fuel

assembly end fitting seat with close tolerance into small

holes on the under side of the tie plate. The large per

forations in the tie plate provide the coolant flow paths

between the active core region and the plenum region, 'he

upper core tie plate 1s illustrated in Figure 15.

4.2.2.3 Lower Support Plate

*ne 1 ower plate is a large perforated stainless steel disc

looted directly belcw the fuel assemblies. This plate

is the jppernos*- portion of
*

he lower gr'd assembly and

;s bolted to i '""'ange on 'op or the steel cylinder that

surrounds *he -tr\i assembly.
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FIGURE 15 - TMI-2 Upper Core Tie Plate

(Courtesy of Babcock and Wilcox Co.
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The fuel assembly lower >'nd fittings rest on the lower cere

support plate. Symmetric perforations 1n the plate

direct coolant flow into the bottom of each fuel assembly

and position the instrument tube. The fuel assemblies

are aligned with respect to the perforations by pads

bolted to the support plate. A drawing of the lower

core support plate is shown 1n Figure 16.
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Lower Grid

FIGURE 16 - TMI-2 Lower Core Support Plate

(Courtesy of Babcock and Wilcox Co.)

4-32



3EAC0R MATI>1ALS

This section discusses the solid materials inventory and basic properties

of the "MI-2 core region. Approximations have been made when warranted

by the lack of more detailed information.

5.1 Material Inventory

The overall material inventory of the core 1s summarized below

for both active and adjacent core regions.

5.1.1 Active Core Region

~Ke active core contains fuel, structural materials,

neutron absorbers, and trace materials used for in

strumentation, neutron sources and insulation. The

'on, composition, volume and weight of material in

eacn category is indicated in Table 13. Only the

initial core condition is considered in the table

provided; i.e., the contributions o* fission and

corrosion products and coolant crud deposition are

neglected. On the basis of total mass inventory, the

fuel , structural, and absorber materials constitute

about 70, 27, and :*. of the active core, respectively.

"he anal distribution of assembly -aterials between

•Oe end-'ittmg grill plates is illustrated 1n Figure 17.

~he 'cur types of asserolies present at TMI-2 are indicated.

"he ordinate axis represents the local "concentration"

cf mass in units of pounds r^r aiial inch o' fuel

assembly. '■
'

is ev'ient tha* "-f "-atonal cross section

V fKe corp iepenis 0" el ev it ion as *el 1 as radial position,

Also, with the e« ertion o* L'C, "uel, inconel grids,

ind 'uel rod spacers am end plugs, the assemblies

5-1



TABLE 13 - ACTIVE CORE REGION MATERIALS INVENTORY*

Category Form Composition Volume

(ft3)

Weight

(lb)
Fuel ceramic pellets uo2 324.3 205140

Absorbers metal aloy rod Ag-In-Cd 9.55 6060

ceramic pellets B.C in A1-0-

Gd203-U02^
J

7.29 1380

ceramic pellets 0.46 290

Structures fuel cladding Zircaloy-4 109.7 44440

guide tubes Zircaloy-4 6.65 2690

instrument tubes Zircaloy-4 0.62 250

control cladding 304SS 2.70 1350

poison rod cladding Zircaloy-4 4.04 1640

orifice rod cladding 304SS 0.13 60

spacer grids Inconel-718 5.24 2670

spacer sleeves Zircaloy-4 0.64 .: 260

plenum springs (stainless) 3.10 1550

ceramic spacers ZrO

(stainless)

2.13 730

metallic spacers 0.90 450

end plugs 304SS 0.28 140

end plugs Zircaloy-4 3.69 1490

Trace SPND rhodium-inconel _ _

T/C chromel-alumel - _

background detector (cobalt) - -

neutron source AM-Be-Cm - -

instrument thimble clad inconel - _

instrument calibration (inconel ) _ _

tube

insulation (ceramic) - -

•Estimated uncertainty < 10%
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contain different amounts of Zircaloy, absorber material,

poison material, and stainless steel. Material concen

tration and property gradients are likely to have led

to at least some variation in local core damage conditions

during the core uncovery period.

5.1.2 Adjacent Core Region

The adjacent core region contains structural materials

only. The form, composition, volume, and weight of the

various components are summarized in Table 14. The

amount of material immediately surrounding the core

obviously represents a significant amount of heat

capacity as well as a physical barrier to core movement.

5.2 Material Properties

Some of the basic physical properties of the TMI-2 core materials

are presented in this section. In terms of evaluating the accident

behavior of the core, heat transfer and melting point properties

are emphasized. Gas release characteristics are also included for

the fuel. Oxidation and mechanical strength properties are in

cluded for the main structural materials. Multiple references are

quoted in some cases to indicate that a range of values is possible

because of material property uncertainty, particularly at elevated

temperatures. The core materials have been divided into categories

corresponding to fuel, structural, absorber, and trace materials.

The melting point, density, and heat of fusion properties of the

most prevalent materials have been summarized in Figure 18 for

later reference in this report.
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TABLE 14 - ADJACENT CORE REGION MATERIAL: I'.VET-RY*

;. orpcntC"

.7d..-ie Plates rectangular plates

'

:r"er Plates perforated plate

secpnents

Core rarrel c> 1 inder

"nernai Sme'd cylinder

Asseroly End cage

="•: tings

-pper ~-e Plate perforated plates

Lower Support perforated plates
Plate

Composition Volume wei ght

stainless steel
(ft3)
44.5

;-b)
22250

stainleos steel 9.9 4940

stainless steel 81.8 40920

sta inless steel 89.6 44£2C

sta inless steel 13.4 6730

stainless steel 15.4 7680

stainless steel 33.3 16670

,ee "..xa'y Cata 'ables 11 and 12 for estimated uncertainty.
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Fuel Material

'he TMI-2 fuel is a UO, cera-nic In the form of cylindrical

pellets. The pellets consist of hot pressed and sintered

U0_ powder. The basic physical features of the pellet

structure are fuel grains, grain boundaries, porosity

«ith1n the grains and at the grain boundaries, and

randomly distributed cracks dividing the pellet into

irregular pieces.

The nominal pellet density 1s 633 lb/ft3^2^, about 92.5?

of the theoretical value at room temperature. The pellet

density 1s relatively high, compared to other core

materials. Decreases in fuel density between 10 and 20X

(241
have been reported near the melting point, however* '.

The unirradiated stoichiometric L)0i melting point is

cn7n a c™«°r(3. 5, 8.10,11,18,24) _. ...

between 5070 and 5200 F
'

. The melting

point can decrease with burnup, stoichiometry , and

eutectic-related ckanges. A -aximum Kurnup effect of

about 300°F decrease in melting point at 50000 Mwd/MTU

can be extrapolated from the results of one

( 281
experiment for examplev '. A +• 10* change in Q/U ratio

can lower the melting point by 100 to 200°P24). This

e^'ec* is relevant for application to failed TMI-2 rods

given a steam environment. A li.quid phase Zirconium

and Uranium a 1 1 oy can also exist at the fuel-dad s-r-jce a

o ( 73)
temperatures as low as 3500 Fv" '. Still, the unalloyed

JO- fuel has the highest ne 1 1 i nq point among the core

■naterials as illustrated ^y the temperature scale in

F-gure 13. "he heat of 'usion of U0., is 121.3 ♦ 3 BTU/

lb .
i value comparable to that of several other

:cre materials, 'he thermal conductivity, specific

nea* capacity, and 'hermal expansion properties of L'0,

ire pip*, fed versus temperature in Figure 19.
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The thermal conductivity curves represent 95* dense

UO,. A porosity correction factor of .93 to .96 should

be applied to represent 92.5: dense UO-^1 8,24\ The

two upper conductivity curves correspond to /?* /alues
okdt

of 90 and 97 «/cm. The lower conductivity curve s^cws

the relative effect of an increased 0/U ratio, in this

case 2.10. The 0/U ratio increases gradually with

burnup, but again, could also increase given the presence

of steam in failed TMI rods. A conservative Adt value

of 86 w/cm has been suggested for LOCA applications '.

In any event, U0? has the lowest thermal conductivity of

any core material with the exception of ZrO..

The nominal specific heat and thermal expansion properties

of UO are well characterized by MATPRO^11,23' correla

tions over a wide temperature range. An effect of 0/U

ratio on specific heat has teen reported below 4500°F,

as shown in the center plot in Figure 19. The specific

neat of U0? is comparable to that of Zircaloy, but its

thermal expansion is greater. Step changes in specific

heat and thermal expansion properties occur when the

■^el ting point is reached at about 5100°F.

fogure 20 illustrates *Ke tempera "ore e"ect on UO, 'iss1-'

gas release behavior. This property is relevant to *vi-2

since the interpretation of fission product behavior has

been applied to characteri ;ing cere temperature conditions,

'he curves shown represent correlations of various steacv-

state data sources. Fuel temperature uncertainty, burnup,

and fabrication differences are reflected in the correla

tion data 'hese differences contribute significantly to

-he lar^e variation between curves. The effects of off-

'-.crral fuel rod Cmis'.ry or eutectic formation during a

<;. j
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